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Abstract—This paper investigates the formation of pulsed 
and repetitively pulsed high-intensity, silicon beams of low 
energy ions. The generation of a pulsed silicon plasma was 
carried out by a vacuum arc discharge. Polycrystalline 
neutron-doped silicon was used as the evaporator’s cathode. 
On the path of plasma transportation a system for forming a 
ballistically focused ion beam was installed. The extraction and 
ion acceleration occurs in the sheath, which forms after 
negative biasing of the ion beam generation system. The system 
consist of meshed extractor made in the shape of partially 
hemisphere, therefor provides the initial ballistic focusing of 
the beam. The paper has studied the features and regularities 
of the bias potentials formation at amplitudes (0.6–1.8 kV) of 
pulsed high-intensity axially symmetric beams of silicon ions 
with a current of up to 2 A at a maximum ion current density 
greater than 0.8 A/cm2. 
Keywords— pulsed high-intensity silicon ion beam, plasma 
ion acceleration, ballistic focusing, plasma-immersion extraction 
I. INTRODUCTION 
To improve the performance properties of various 
materials by ion-plasma deposition of coatings and ion 
implantation, the use of silicon as a dopant is of particular 
interest. For example, the presence of silicon in different 
steels and other composite materials (metal nitrides and 
carbides) has a positive effect on the mechanical properties 
of the raw materials [1-3]. As a rule, increased silicon 
concentration leads to an increase in the material strength 
and in resistance to tempering, a decrease in grain growth at 
high temperatures, and recrystallization of composite 
compounds [4-5]. 
Recently, for the purpose of material modification by ion 
beams, the ion beam of a very current density (in a range of 
0.01–1 A/cm2), but relatively low ion energy of units of keV 
was obtained and implemented [6-8]. The reference [6] 
devoted to the ion implantation of nitrogen into alloy steel 
(AISI 5140) and the results demonstrated the possibility of 
nitrogen penetration up to 180 μm after high-intensity ion 
irradiation during 60 min. The studies of the formation of 
intermetallic compounds by high-intensity beams of 
zirconium ions [7] and aluminum [8] in targets made of 
titanium and nickel, respectively, demonstrated the 
possibility of obtaining modified layers with thicknesses of 
several tens of micrometers. The implementation of research 
in the direction of deep ion doping of various materials and 
coatings with silicon requires creating systems and sources 
that form high-intensity silicon beam of low energy ions. 
This paper is devoted to research on the formation of 
pulsed high-intensity axially symmetric beams of low-energy 
silicon ions with ion current densities of up to several 
hundred milliamperes per square centimeter. 
II. EXPERIMENTAL SETUP AND METHODS 
An experimental setup for the generation of high-
intensity silicon ion beams is demonstrated in Fig. 1. A 
vacuum pump system provided a residual pressure of 10-3 Pa 
in an experimental chamber. 
 
Fig. 1. General scheme of the installation 
To generate silicon plasma, a vacuum arc evaporator with 
a discharge current of 75 A was used. A planar vacuum arc 
evaporator with a magnetic coil was installed on the vacuum 
chamber to control the plasma flow density. The vacuum arc 
evaporator cathode was a disc of doped silicon of 10 cm 
diameter with an average specific resistance of 
0.013 Ohm·cm. The pulsed power supply of the arc was 
implemented by a forming line with a matched load, 
providing a pulse with a duration of approximately 350 µs. 
The high-intensity ion beams formation system, the 
circuit diagram and the appearance of which is shown in [9], 
was installed inside the vacuum chamber opposite the 
vacuum arc evaporator on its symmetry axis at a distance of 
35 cm from the evaporator.  
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The beam formation system operates as a plasma-
immersion extractor with subsequent ion acceleration in high 
voltage sheath, transportation of the beam along with its 
ballistic focusing in the initially equipotential drift section 
prefilled with plasma. As ion extractor the mesh, partially 
hemispherical, electrode with transparency of 70% and 
diameter of 15 cm was used. The curvature radii of the mesh 
electrode is 7.5 cm. Construction of the mesh electrode in the 
form of a second-order nondegenerate surface with central 
symmetry provides ballistic focusing of a particle flow, 
normally rooted relative to the surface of the grid electrode, 
to the focus. The mesh electrode was connected to a metal 
cylinder with a height of 7 cm and a diameter of 14 cm. This 
construction allowed to allocate some volume, which limited 
the equipotential space for transporting the ion beam. On the 
opposite base of the cylinder, various collectors and sensors 
were installed, whose position relative to the mesh electrode 
along the axis of the system could be regulated.  
The bias potential was fed to the system when the plasma 
flow already reached the ion collector. Thus, the plasma-
immersion system was used for the initial formation of the 
ion flux. The bias was formed by a negative repetitively 
pulsed generator. The generator could operate both in high-
frequency repetitively pulsed mode and in a mode of forming 
single pulses. In single-pulse mode, the generator allowed 
the formation of a negative-bias-potential pulse with an 
amplitude in the range from 0.4 to 1.8 kV and a duration of 
5 μs.  
Rogowski coil were used to measure the beam current at 
the collector. Current waveforms were obtained by digital 
multichannel oscilloscopes.  
The solar-eclipse effect was used to clean the ion beam of 
the vacuum arc discharge without significantly reducing the 
ion current [9]. On the grid electrode, a disk screen with a 
diameter of 4 cm was installed along the symmetry axis of 
the beam-formation system. The screen used in this position 
is an obstacle to the nearly straight-line trajectories of 
macroparticles emitted from the cathode to the collector area 
installed at the system focus. At the same time, due to the 
ballistic focusing using a spherical grid electrode along 
straight-line trajectories, the beam ions freely reach the 
irradiated target area on the collector.  
To study the shape of the ion current density distribution 
profile of a pulsed high-intensity silicon ion beam, a 19-
channel sensor was installed at the collector site. Fig. 2 
shows the appearance of the sensor, which consists of a set 
of 19 single collectors fixed along one line. Each collector 
has a size of 2×2 mm2.  
 
Fig. 2. Sensor appearance 
After beam formation and focusing, the ions fall on the 
collectors. To accumulate the charge of the beam ions 
deposited on the collectors, capacitors were connected to the 
electrical circuits of each of them. After each pulsed-ion 
beam formation, sequential polling of voltages from 
capacitors was conducted using a special device. Thus, 
measuring the voltages at the collectors, one can determine 
the integral charge of the ions that fell on each collector and, 
as a result, calculate the current density of silicon ions on 
each collector. 
III. EXPERIMENTAL RESULTS AND DISCUSSION 
Fig. 3 presents the silicon ion beam current density 
distributions at different amplitudes of the bias pulse in the 
focal plane of the system with curvature of 7.5 cm. The 
experiments were performed with bias-pulse amplitudes in 
the range from 0.4 to 1.8 kV and pulse duration of 5 μs.  
 
Fig. 3. The silicon ion beam current density distributions with different 
bias pulse amplitudes and duration of 5 μs 
The distributions demonstrate that the beam have axial 
symmetry. The increase in bias amplitude leads both to a rise 
in the total ion beam current (integrated over the entire 
beam) and the current density in the beam as well. The data 
presented in Fig. 3 show that with a bias of 1.8 kV, the ion 
current density exceeded 0.8 A/cm2 on the beam axis. In 
addition, the profiles obtained are characterized by a 
decrease in the beam size at full width at half maximum 
(FWHM) with an increase in the bias potential. If the beam 
size at FWHM at the system focus was approximately 
35 mm at a bias potential pulse of 1.0 kV, then increases in 
the bias potential, for example, to 1.4 and 1.8 kV, reduced 
the beam diameter at FWHM to approximately 20 and 
15 mm, respectively. 
This regularity of change in the ion current distribution of 
a high-intensity beam is due to the influence of two factors. 
On the one hand as the bias pulse amplitude increases, in 
accordance with the Child-Langmuir law, the sheath width in 
which the ion flux is formed increases, the angular spread of 
the ions in the beam decreases and, accordingly, the 
conditions for the ion beam transport improve. The second 
factor is due to the feature of high-intensity ion beam 
propagation in a drift space. With the convergent ion beam, 
the conditions for ion beam space charge neutralization will 
differ at various positions in the drift space. Because ions are 
accelerated in the sheath near the mesh electrode, according 
to the current-continuity law (j = zevn = const), the density 
of ions in beam n reduces proportionally relative to the their 
velocity increment. Therefore, the density of the preinjected 
plasma near the grid electrode in the beam drift space is 
several times higher than the density of ions accelerated in 
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the layer, which fundamentally makes it possible to 
completely neutralize the beam space charge with cold 
plasma electrons. However, during the increase in the beam 
current density due to its focusing, the neutralization degree 
may decrease which will lead to space-charge associated 
effects. 
To study the regularities of the high-intensity pulsed 
silicon ion beam focusing, the radial profiles of the ion 
current distribution at various distances from the mesh 
electrode to the collectors were obtained. The collector 
system was sequentially installed at distances from 6.5 to 
10.5 cm from the mesh electrode with step of 0.5 cm. Fig. 4 
shows the radial profiles of the silicon ion beam current 
density distribution measured with bias potential of 1.6 kV 
and duration of 5 μs at different positions in the drift space.  
 
Fig. 4. Profiles of silicon ion beam current density distribution obtained at 
bias potentials of 1.6 kV and duration of 5 μs 
At a distance of 6.5 cm, the ion current density is lowest 
and the beam is relatively wide and has two maxima. This 
form is due to the presence of a disk screen on the grid 
electrode, which leads to hollow conical ion beam formation 
if the detector is located close to the grid electrode. With the 
shifting of the detector from the mesh electrode the 
maximum value of the ion current density increases. The 
results reflect the dynamics of the silicon ion beam focusing. 
Form transformation of the ion current distribution curve 
from the cross section with two maxima into a “domed” 
curve with one maximum along the beam axis is observed 
(Fig. 4). The data demonstrate that for the case of the pulsed 
silicon ion beam formation with a bias potential of 1.6 kV, 
the peak ion current density measured at a distance of 8.5 cm 
is 0.66 A/cm2. This detector position is 1 cm behind the 
geometric focus of the grid electrode. The resulting deviation 
is due to incomplete neutralization of the beam space charge 
near the geometric focus of the ballistic focusing system. A 
further increase in the beam transportation base leads to an 
increase in the beam FWHM and a simultaneous decrease in 
the ion current density. 
IV. CONCLUSION 
Studies have shown the possibility of the formation of 
pulsed and repetitively pulsed high-intensity beams of silicon 
ions. A pulsed vacuum arc discharge with a current of 75 A 
formed a plasma flux of silicon with a duration of up to 
350 μs. Silicon used as a cathode was previously subjected to 
neutron transmutation doping, which increased its 
conductivity. The regularities of the transport and focusing of 
a of silicon ion pulsed beam are investigated. An increase in 
bias amplitude contributes to the stabilization of the efficient 
transport of a silicon ion beam. In addition an increase in the 
potential pulse amplitude leads both to an increase in the 
total ion beam current and to an increase in the maximum 
current density in the beam. The possibility of achieving ion 
current densities exceeding 0.8 A/cm2 is demonstrated.  
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